Martensitic transformation with good structural compatibility between parent and martensitic phases are required for shape memory alloys (SMAs) in terms of functional stability. In this study, first-principles-based materials screening is systematically performed to investigate the intermetallic compounds with the martensitic phases by focusing on energetic and dynamical stabilities as well as structural compatibility with the parent phase. The B2, D0 3 , and L2 1 crystal structures are considered as the parent phases, and the 2H and 6M structures are considered as the martensitic phases. In total, 3384 binary and 3243 ternary alloys with stoichiometric composition ratios are investigated. It is found that 187 alloys survive after the screening. Some of the surviving alloys are constituted by the chemical elements already widely used in SMAs, but other various metallic elements are also found in the surviving alloys. The energetic stability of the surviving alloys is further analyzed by comparison with the data in Materials Project Database (MPD) to examine the alloys whose martensitic structures may cause further phase separation or transition to the other structures.
INTRODUCTION
Shape-memory alloys (SMAs) constitute an important class of materials in industrial use because of their shape-memory effect and pseudoelasticity. 1 Already various kinds of SMAs have been well known. Ni-Ti (Nitinol) alloys are now widely used because of its working range around room temperature, good pseudoelastic property, phase stability, and so on. 2 The Ni-Ti alloys, however, suffer from large thermal hysteresis unless additional elements are included. 3 Toxicity of Ni in these alloys is also problematic for bioapplications. 4 Cu-based SMAs such as Cu-Zn, Cu-Al, and their multicomponent alloys are commercially available because of their low price, but they also have disadvantages, such as instability of martensitic phase, brittleness, 5 and poor thermomechanical performance. 6 Discovery of new SMAs are therefore still needed for better functional stability, [7] [8] [9] design of working temperature, 10, 11 and other special purposes such as nontoxic biomaterials 4 and ferromagnetic (FM) SMAs. 12 To design SMAs, their working temperature and functional stability (reversibility of the shape-memory effect) may be the most important engineering properties. The working temperature is critical particularly to design high-temperature SMAs (HTSMAs). The functional stability is also important to improve the reliability of SMAs. The working temperature is expected to be related to the energetic stability of the martensitic phase relative to that of the parent phase (see the subsection "SMAs reported in experiments"). Meanwhile, some reports have found that better structural compatibility between the parent and the martensitic phases results in smaller thermal hysteresis, which gives better functional stability. 13, 14 We can therefore expect that appropriate energy difference and good structural compatibility between the parent and the martensitic phases are essential factors when we try to design SMAs.
We can adjust working temperature and functional stability of SMAs by replacing their constituent elements with others. The working temperature of Ni-Ti alloys can be much increased to the range of 400-1200 K by the total or partial replacement of Ni and Ti with the same group elements, namely Pd or Pt 15, 16 and Zr or Hf, 17 respectively. These reports imply that the martensitic phases become energetically more stable than the parent phases at low temperature by replacing constituent elements. Meanwhile, better functional stability, which is associated with smaller thermal hysteresis and functional fatigue can be achieved by adding Cu 14 or Pd 13 in Ni-Ti alloys and Cr in Ti-Pd alloys. 9 To discover new materials by modifying their constituent elements, computational research is useful because of its efficiency compared with experimental search. Especially, materials screening based on systematic first-principles calculations prior to experimental synthesis is useful to limit the searching space. Thanks to the recently improved computational machine power, now we can perform systematic first-principles calculations for various combinations of chemical elements with various crystal structures for searching new materials. Indeed, many different materials systems have been investigated in this manner. [18] [19] [20] [21] Hautier et al. 18 and Hinuma et al. 19 have identified new ternaryoxide and zinc-nitride semiconductors, respectively, using the "prototype" crystal structures of Inorganic Crystal Structure Database. 22 Carrete et al. 20 have reported the semiconductors with the half-Heusler structure that show low thermal conductivity. Greeley et al. 21 have reported the binary surface alloys to show a good electrocatalytic property.
There have been theoretical researches on the martensitic transformation by the first-principles calculations. Most of them have been mainly focused on the properties of the specific SMAs, such as the crystal and electronic structures of the martensitic structures, [23] [24] [25] the transformation path and energy profile of the martensitic transformation, 23, 26, 27 and the phase diagram obtained by quasi-harmonic approximation. 28 However, investigation on various combinations of chemical elements have been rarely reported to the authors' knowledge.
In this study, we perform the first-principles screening to identify intermetallic compounds possessing the energetic and dynamical stabilities of the martensitic phase, as well as the structural compatibility between the parent and the martensitic phases, which is expected to be related to the functional stability. We initially consider 6627 alloys, and 187 survive after the screening. We investigate which elements mainly participate in the surviving alloys. Finally, the energetic stability of surviving alloys are further analyzed by comparison with the first-principles data in Materials Project Database (MPD) 29 to examine the alloys which may occur phase separation or transition.
RESULTS AND DISCUSSION
Elements and crystal structures of investigated alloys We consider binary and ternary alloys with the B2, D0 3 , or L2 1 structure as the parent phase at their stoichiometric composition ratios. These parent-phase structures are derived from the bodycentered cubic (bcc) structures 30 as described in Fig. 1 . We investigate combinations of the 48 metallic elements between Li and Bi shown in Fig. 2 ; specifically, we consider 1128 (= 48 C 2 ) XY, 2256 (= 48 P 2 ) X 3 Y, and 3243 (=3X 47 C 2 ) X 2 YZ (X = Ti, Cu, Zn) alloys with the B2, D0 3 , and L2 1 parent-phase structures, respectively. For the martensitic phases, we consider the orthorhombic 2H (or B19 for the binary alloys with the B2 parent phase) and monoclinic 6M [in the Otsuka notation, 31, 32 which will be used hereafter to correctively refer to 9R (for B2) and 18R (for D0 3 and L2 1 ) in the Ramsdell notation 33 ] structures. Both the 2H and 6M martensiticphase structures have the close-packed basal plane, but they have different stacking orders: "AB" for the 2H structure and "ABCBCACAB" for the 6M structure. Figure 3a shows the crystal structures of the 2H and 6M for ternar X 2 YZ alloys with the L2 1 parent phase. The structure of the 2H is explicitly calculated in this study, while the structure of the 6M is estimated from that of the 2H as described later. The space-group type of the 2H structure is Pmma for the B2-parent XY alloys and Pnma for the D0 3 -parent X 3 Y and for the L2 1 -parent X 2 YZ alloys.
The lattice basis for the 2H martensitic structure is given as
where a 2H , b 2H , and c 2H are the lattice constants of the 2H structure. The unit cell of the parent phase that changes to L 2H after the martensitic transformation may be given as
and
where a p , b p , and c p are the lattice basis of the conventional unit cell for the parent phase structures, and a p is their lattice constant. The deformation gradient 34 F 2H is then obtained as Figure 3b describes the martensitic transformation between the L2 1 parent and its 2H martensitic phases. It should be emphasized that the martensitic transformation path is similar to the Burgers path 35, 36 for pure metals, which describes the transformation between the bcc and the hexagonal close-packed structures.
In order to reduce computational costs, the crystal structure of the 6M is estimated from that of the 2H as follows. We first assume that their basal-plane structure and layer distance along the stacking direction are the same for both the 2H and 6M. We further assume that the stacking position of each layer is different exactly by a 2H /3 along a 2H . Then, the lattice basis for the 6M Fig. 3 a Crystal structures of the 2H and the 6M martensitic phases for the ternary alloys with the L2 1 parent phase. b Transformation between the parent and the martensitic phases. Small black arrows on spheres denote the atomic movement, and the rectangle denotes the unit cell of the 2H crystal structure structure is given as
The unit cell of the parent phase that changes to the L 6M after the martensitic transformation may be given as
The deformation gradient F 6M is then obtained as
Materials-screening conditions Figure 4 shows the flowchart of the materials screening. Firstly, we check whether or not the space-group type of the optimized structure of the 2H martensitic phase (G m opt ) is the same as the expected one (G p init ). For many investigated alloys, the 2H structure is optimized to the parent-phase structure or to some other structures. Such alloys are excluded from the screening because they cannot have the assumed martensitic structure. The space-group types of the optimized structures are checked using the SPGLIB library inside the PHONOPY code. 37, 38 Secondly, we investigate the energetic stability. Here we check whether the energy of the martensitic phase (E m ) is smaller than that of the parent phase (E p ). Only the alloys satisfying ΔE m − p ≡ E m − E p < 0 survive. We also guarantee that the 2H martensitic phase is energetically more stable than pure metals as references. Here, the formation energy of the martensitic phase relative to those of pure metals in their most stable crystal structures, E f m , must be smaller than zero.
Thirdly, the structural compatibility between the parent and the martensitic phases is considered. For this purpose, we use the transformation stretch tensors 34 U 2H and U 6M , which are positivedefinite and symmetric matrices. These matrices are obtained from F 2H and F 6M using the polar decomposition as
where R 2H and R 6M are rotation matrices. James et al. have shown using their model that when the second largest eigenvalue λ 2 of U (hereafter the U 2H or U 6M are collectively referred to as U) is equal to one, the two phases can make a distortionless interface, 34 which is intuitively expected as an advantage for showing better functional stability. Indeed, several SMAs with small thermal hysteresis and functional fatigue are found by modifying the composition ratios to realize λ 2 close to one. 8, 9, 13, 39 Based on these reports, we adopt |λ 2 − 1| < 0.01 as a screening condition. We also consider the volume difference between the parent and the martensitic phases, because the large volume difference is expected to cause huge stress between the two phases and to result in low functional stability. 39 Actually, several materials systems such as lithium-ion batteries, whose applications are related to their phase transitions, are known to have good advantage of reliability when they show small volume differences. 40 The relative difference between the volume of the parent (V p ) and the martensitic (V m ) phases are obtained as det(U), and hence we adopt |det(U) − 1| < 0.01 as another screening condition.
Lastly, the dynamical stability of the martensitic phase is investigated. For this purpose, we analyze the phonon frequencies of the martensitic phases ω ph m and elastic modulus matrix (C) of the martensitic phases. The alloys with imaginary phonon frequencies, i.e., {ω ph m } 2 < 0 for some phonon modes, are screened out, because the existence of the imaginary phonon frequencies indicates that the crystal structure is dynamically unstable. Phonon dispersion curves and density of states are used to confirm the dynamical stability of martensitic phase by the existence of the imaginary phonon frequencies. We also screen Fig. 4 Flowchart of the materials screening. The number of surviving alloys at each step is shown in blue. Conditions 1-3, 4-5, and 6 are related to the energetic stability of the martensitic phase, the structural compatibility between parent and martensitic phases, and the dynamical stability of the martensitic phase, respectively. The lists of 187 surviving alloys with the 2H and 6M martensitic structures are given in Tables 2 and 3 out the alloys whose elastic modulus matrices are not positive definite according to Born's elastic stability criteria. 41 Note that the dynamical stability of the 6M martensitic structure is assumed to be the same as that of the 2H martensitic structure.
SMAs reported in experiments
Prior to the materials screening, we first investigate ΔE m − p for 13 alloys that were reported to show the shape-memory effect near the stoichiometric composition ratios in experiments. Table 1 summarizes the experimental transformation temperature T c and the computed ΔE m − p for the 13 SMAs, and Fig. 5 shows their correlation. Here T c is determined as the average over the reported characteristic martensitic transformation temperatures A s , A f , M s , and M f in experiments. 8, 12, 15, 16, [42] [43] [44] [45] [46] [47] When some SMAs were reported to have different martensitic structures from 2H in experiments or theoretical calculations, the energies of these crystal structures are additionally calculated to obtain ΔE m − p . Among 13 alloys, Ni 2 MnGa and Co 2 NiGa are known as the FM alloys with the Curie temperatures of 376 K 48 and 377 K, 49 respectively. The experimental martensitic transformation temperatures of these alloys are below their Curie temperatures. Our calculations confirm that both the parent-phase and the martensitic-phase structures of these two alloys are more than 0.04 eV/atom energetically more stable in the FM state than in the NM state. We can derive three results from the obtained data. Firstly, the martensitic phases have lower energies than the parent phase for all the 13 investigated SMAs. Since the first-principles calculations give the energies at 0 K, this result supports the experimental fact that the martensitic phases are found at lower temperature than the parent phase for the 13 SMAs. Secondly, most of the energy differences among various martensitic phases are less than 0.01 eV/atom, which are much smaller than the energy differences between the parent and the martensitic phases. This guarantees that the energy of the 2H structure can be used as the representative value among the various martensitic phases for the screening procedure using ΔE m − p . Thirdly, the computed ΔE Figures 6 and 7 show the phonon dispersion curves of parent and martensitic phases, respectively, for the 13 SMAs. For the martensitic phases, we investigate energetically the most stable crystal structure for each of the 13 SMAs. These martensitic structures do not show any imaginary modes, indicating that they are dynamically stable. These martensitic structures also show the Table 1 . Characteristic martensitic transformation temperatures for 13 experimentally reported SMAs with nearly stoichiometric composition ratios.
The data correspond to those in Fig. 5 This study Experimental reports The energy of the B19′ structure is slightly lower than that of the B19 structure, which is reported to exist in experiments but dynamically unstable for 0 K first-principles simulations. In this study, ΔE m−p is calculated using B19ʹ as the martensitic-phase structure
Relationship of computed ΔE m − p and experimental transformation temperature T c of 13 SMAs near the stoichiometric composition ratios in experiments. In addition to the 2H structure (star purple symbols), martensitic-phase structures in the parentheses (triangle orange symbols), which are reported in experiments or simulations, are also investigated. The computed ΔE m − p and experimental T c show strong correlation with the linear correlation coefficient (r) of −0.92 elastic stability confirmed by the positive definite elastic modulus matrices. This satisfies our screening condition that the martensitic structures should be dynamically stable. In contrast, the parent phases of the most of the 13 SMAs show imaginary frequencies in a wide range of wave vectors. This indicates that they are dynamically unstable under the harmonic approximation. The anharmonic phonon effects, 50, 51 which is significant particularly at high temperature, is probably essential to make the parent phases dynamically stable.
According to these results, we expect that the screening conditions for the energetic and dynamical stabilities described in subsection "Materials-screening conditions" are suitable to find intermetallic compounds which possibly cause a martensitic transformation. Later we will also discuss the structural compatibility of the 13 investigated alloys.
Energetic and structural properties of the martensitic phase of intermetallic compounds In order to identify the intermetallic compounds whose martensitic phase is energetically and dynamically stable and shows good structural compatibility with the parent phase, we apply the screening conditions described in subsection "Materials-screening conditions" and Fig. 4 to 6627 alloys. Figure 8 shows the correlations among four quantities, ΔE m − p , E f m , det(U) − 1, and λ 2 − 1, for 3997 alloys in the set-1. Gaussian kernel density estimation 52 is used to put colors in the plots. There are no strong correlations among the four quantities. The maximum magnitude of the linear correlation coefficient is only 0.42, found between ΔE m − p and det(U) − 1. This indicates that these four screening conditions work almost independently. The screening conditions are also indicated in Fig. 8 as gray vertical and horizontal lines. Although our screening conditions are rather tight especially for det(U)−1 and λ 2 − 1, as many as 187 alloys survive because of the high density of alloys within the screening-condition slot. The lists of surviving alloys with the 2H and 6M martensitic structures are given in Tables 2 and 3 , respectively. Among 187 alloys, 54 and 133 alloys correspond to the 2H and 6M martensitic structures, respectively. The surviving alloys tend to have the 6M martensitic structure more than the 2H.
It is interesting that the 13 SMAs analyzed in previous subsection are not included in the list of surviving alloys. We confirm that they satisfy the screening condition for the energetic and dynamical stability of the martensitic phase. However, they do not satisfy the remaining two screening conditions related to the structural compatibility (|λ 2 − 1| < 0.01 and |det(U) − 1| < 0.01). Their low structural compatibility implies their low functional reliability. Actually, the experimental reports (Table 1) show that the thermal hysteresis of these alloys, except for Zn 2 AuCu, is larger than 20-30 K, which is not small. 3, 53 The larger thermal hysteresis should result in the worse functional stability. It is worth referring to the experimental reports that some of these alloys reduce their thermal hysteresis by deviating their composition ratios from the stoichiometric and/or adding dopant elements; Zn-Au-Cu shows low thermal hysteresis of~2 K by adjusting its composition ratio, 8 Ti-Ni reduces the thermal hysteresis by doping Pd, Pt, Cu, or Au, 3, 13, 14 and Ti-Pd achieves less than 5 K of thermal hysteresis by doping Cr. 9 These reports indicate the possibility to control the functional stability of SMAs by introducing nonstoichiometric composition ratios and/or dopant elements. Figure 9 shows the chemical combinations of 111 surviving binary alloys. The ternary X 2 YZ alloys are excluded for this analysis because in this study the X component for the ternary is restricted to three elements, i.e., Ti, Cu, and Zn.
The alloys composed of the elements from the same combination of groups tend to have the same type of martensitic structures. Two or more X 3 Y alloys survive in 24 groupcombinations, and among them, 20 combinations have the same type of martensitic structures. This tendency may be related to the same number of valence electrons of the alloys formed by chemical elements in the same combinations of groups in the periodic table.
All the surviving ten XY alloys include at least one chemical element in the groups 10-13. Among 101 combinations of X 3 Y alloys, 28 alloys are only composed of the chemical elements in the groups 10-12. Other 15 alloys are formed by the combinations of a chemical element in the group 3 or 4 as X and the other one in the groups 10-14 as Y. Thus, almost half of the surviving binary alloys (53 out of 111) include some chemical elements in the groups 10-14. On the other hand, the other 58 surviving X 3 Y binary alloys are found in various combinations of groups. It is therefore difficult to categorize them into some specific combinations of the groups in the periodic table.
Hence, next the surviving binary alloys are analyzed from the element-resolved viewpoint. Among the 48 chemical elements, Cu, Zn, Ag, Au, and Pd are the most frequently included elements in the descending order. The result is reasonable since many Cubased alloys are known to exhibit the shape-memory effects. Cu-Zn-based SMAs are found in the form of either binary alloys of 60-64 at.% Cu 54 or ternary alloys incorporating Al, Si, Ga, and Mn. Phonon dispersion curves for the martensitic-phase structures of the 13 SMAs with stoichiometric composition ratios. The space-group type of the structure is also shown in each panel. The band paths in the Brillouin zones are set based on the space-group type of the structure. 75 All of the martensitic phases of 13 SMAs do not show any imaginary modes Cu-Al-based SMAs are found in the form of ternary alloys incorporating Ni, 55 Mn, 56 Be, 57 and Zn. 5 Cu-Sn-based binary alloys also show the shape-memory effect for 74-91 at.% Cu. 5 Note that these alloys are not included in the 13 SMAs analyzed in previous subsection because their shape-memory effect were reported in experiments only for the off-stoichiometric composition ratios.
Besides these popular alloy systems, many other elements and their combinations are found in the surviving alloys. Among such elements, Li and Sc have been rarely used as the constituent elements of the SMAs reported in experiments. Only recently, the Mg 80 Sc 20 alloy was discovered as a SMA having technological advantages with its light weight. 58 The In-Tl nanowire was also reported to exhibit the shape-memory effect. 59 These reports support that it is possible to make the alloys which cause a martensitic transformation from the less popular elements.
According to several review papers, 10,11 the SMAs with the T c above 370-400 K are categorized in HTSMAs. Since the ΔE m − p of −0.05 eV/atom approximately corresponds to the T c of 400 K as described in previous subsection, it may be interesting to classify the surviving alloys at ΔE m − p = −0.05 eV/atom. Among the 111 surviving binary alloys, 60 alloys show ΔE m − p < −0.05 eV/ atom, which are shown in blue in Fig. 9 . Al, Sc, Ti, Zn, Hf, and Pt are found five or more times in the surviving alloys with ΔE m − p < −0.05 eV/atom. These chemical elements, except for Zn, are not so much included in the alloys with −0.05 eV/atom < ΔE m − p < 0. This indicates that these elements are preferable to show T c over~400 K. Indeed, Pt-rich alloys such as Pt-Al and Pt-Ga 60 are used for HTSMAs.
Finally, energetic stability of the 187 surviving alloys is examined. The stability is already examined by the formation energy E f m with respect to pure metals as described in the subsection "Materials-screening conditions". Besides E f m , the energy of the alloys can be compared with the convex-hull energy for the corresponding binary and ternary systems. Since the construction of the convex-hull energy for many systems is computationally laborious, we refer to the data of the MPD, Tables 2 and 3 show the difference E f m − E f conv (MPD), together with the corresponding phases for the given composition. Most of the 2H and 6M structures for the Fig. 8 Scatter plots between the quantities associated with the screening conditions for 3997 alloys in the set-1 in Fig. 4 . The gray lines denote the boundary of screening-condition slot. The color scale represents the relative density of points generated by Gaussian kernel density estimation. Blue and red colors correspond to higher and lower densities, respectively. r shown in each panel is the linear correlation coefficient. There are no strong correlations among the four quantities, which indicates that these four screening conditions work almost independently 187 surviving alloys are missing in MPD, and therefore the structure on the convex hull in the MPD and that of the present martensitic phase are different for these alloys. The small absolute value of E f m − E f conv (MPD) less than~0.1 eV/atom may be ascribed to either the difference of the structures or the difference of computational conditions. It may be, however, still reasonable to say that if the E f m − E f conv (MPD) exceeds~0.1 eV/atom, the alloy may be difficult to be formed or susceptible to the phase separation or transition.
In this study, we considered only the nonmagnetic (NM) and the FM states for each system. If any antiferromagnetism takes place, the energetic stability may be affected. In this study, the 2M martensitic-phase structure (L1 0 in the Strukturbericht symbol and 3R (for B2) and 6 R (for D0 3 and L2 1 ) in the Ramsdell notation) is not considered because it requires tetragonal elongation and is therefore mathematically impossible to simultaneously satisfy λ 2 − 1 = 0 and det(U) − 1 = 0. The inverse Heusler structure is not considered as the parent-phase structure because the L2 1 regular Heusler structure is much often found as the parent-phase structure of SMAs. 8, 56, 61 Note that in the cases of X = Fe, Co, Ni, Ru, Rh, Pd, Os, Ir and Pt in the X 2 YZ combinations, it is reported that only 27 combinations among 810 is energetically more stable in the inverse Heusler structure than both in L2 1 and constituting elements. 62, 63 The B19′ structure is not considered as the martensitic-phase structure because of the following reasons. Firstly, this structure is expected to give poor structural compatibility with the parent phase. The lattice constants of binary nearlyequiatomic Ti-Ni show poor structural compatibility between the parent B2 and the martensitic B19′ structures in experiments. 64, 65 Secondly, the B19′ structure has been found in experiments only for Ti-Ni-based alloys. 23, 64, 65 Although some Ti-Ni-based ternary alloys with off-stoichiometric composition and doping such as Ti 50 In conclusion, we perform the first-principles-based materials screening to find the intermetallic compounds which possibly cause a martensitic transformation. As the screening conditions, we consider the energetic and dynamical stabilities of the crystal structure in the martensitic phase as well as the structural compatibility of the crystal structures between the parent and the martensitic phases. The B2, D0 3 , and L2 1 crystal structures are considered as the parent phase, while the 2H and the 6M structures are considered as the martensitic phase.
We screen 6627 alloys with binary and ternary combinations of chemical elements, resulting in 187 alloys. The surviving alloys are composed of various chemical combinations, indicating that the elements in the wide range in the periodic table should be investigated to discover the alloys with a martensitic transformation. The formation energies of the surviving candidates are further compared with those of the first-principles data in the MPD to screen out the alloys whose martensitic structure may cause phase separation or transition to other structures.
We also examine the correlation between the martensitic transformation temperature T c in experiments and the ΔE m − p obtained from the first-principles calculations for the 13 SMAs with nearly stoichiometric composition ratios. Strong correlation is found between the experimental T c and the computed ΔE m − p . This implies that ΔE m − p can be used to roughly estimate the working temperature range as SMAs.
The findings in this study may also help the discovery of SMAs that overcome the problems of costs, toxicity, and poor functional stability. Although in this study we focus on only the alloys with stoichiometric composition ratios, this study may be a good starting point for investigation also on the alloys with offstoichiometric composition ratios and provides useful fundamental data. Actually, the off-stoichiometric Zn 45 Au 30 Cu 25 alloy shows The finer mesh of the k-space sampling was used for surviving candidates to examine the energy convergence. They are mostly less than 1 meV/atom with the maximum energy difference is only 2 meV/atom smaller thermal hysteresis and functional fatigue than the stoichiometric Zn 2 AuCu alloy, 8 and hence such composition dependence must be also very interesting.
METHOD
The first-principles calculations are performed by the projector augmented wave (PAW) method 68, 69 implemented in the Vienna ab-initio simulation package (VASP) 70, 71 within the framework of the generalized gradient approximation of Perdew-Burke-Ernzerhof form. 72 The cutoff energy is set to 400 eV. k-space sampling mesh for each investigated structure is summarized in Table 4 , and the Methfessel-Paxton scheme 73 with a smearing width of 0.4 eV is employed. The volume and shape of the cells and internal atomic coordinates are fully relaxed until residual forces acting on atoms reach below 0.005 eV/Å. The structure optimization is performed for a primitive-cell model to reduce computational costs. Both the NM and the FM states are calculated for each system, and the lower-energy states are investigated in the subsequent materials screening.
The phonon calculations are performed under the harmonic approximation on the lattice Hamiltonian by using the PHONOPY code. 37, 38 To calculate phonon frequencies, in this study we combine the supercell approach and density functional perturbation theory. 74 Force constants of an alloy are calculated by applying density functional perturbation theory at the Γ point to the supercell model of the alloy. Phonon frequencies are then calculated from the force constants. The supercell size in the phonon calculation for each investigated structure is summarized in Table 4 .
We upload the input files of VASP code and optimized crystal structures of surviving compounds as the supplemental information.
Data availability
The authors declare that the data supporting the findings of this study are available within the paper, and the computational conditions for VASP code and crystal structures for surviving 187 alloys are available in its supplementary information files.
